Abstract Purpose: Endothelial dysfunction is a primary contributor to sepsis-related organ dysfunction and death. In sepsis animal models, endothelial progenitor cells (EPC) have contributed to vascular repair. The role of endothelial progenitor cells as a biomarker for organ dysfunction is still unknown. We hypothesized that circulating numbers of endothelial progenitor cells would be associated with improved outcomes in sepsis. Methods: Prospective, observational single-center cohort study in adult intensive care units at Grady Memorial Hospital, an affiliate of Emory University, from July 2007 through April 2009. Peripheral blood was obtained from 95 patients with sepsis, 37 intensive care unit controls, and 51 healthy controls, of whom only 86 patients with sepsis were used in the analysis because we were not able to obtain enough blood in 9 sepsis patients. Clinical data were obtained, and organ dysfunction was measured by Sepsis-Related Organ Failure Assessment (SOFA) score. Endothelial progenitor cells were assessed by a colony-forming unit (CFU) assay in which peripheral blood mononuclear cells were isolated using Ficoll density-gradient centrifugation and cultured in growth media. Results: The patients with sepsis had significantly lower mean endothelial progenitor cell colony counts compared with intensive care unit controls (p = 0.035) and healthy controls (p = 0.0005). There was no difference in colony counts between ICU controls and healthy controls (p = 0.81). In the sepsis patients, EPC CFU numbers inversely associated with SOFA score, adjusting for mortality (r
Introduction
Sepsis is an acute inflammatory response to infection, leading to systemic illness and organ dysfunction [1] . In the USA, sepsis is a leading cause of death in the well predicted by clinical, physiological or biochemical data [3] .
Of the mechanisms that lead to sepsis-related organ dysfunction and death, alterations in vascular function are a primary contributor. Early descriptions of endotoxininduced vascular reactions showed changes in hemodynamics that were influential in accounting for the poor responses of animals to endotoxin [4] . More recently, alterations in microvasculature have been reported in human subjects with sepsis [5, 6] and have been correlated with disease severity and organ failure. Damage to the endothelium can result in multi-organ failure, leading to increased sepsis severity, and ultimately increased mortality.
Endothelial progenitor cells (EPC) are a specific subtype of hematopoietic stem cells that have been isolated from circulating mononuclear cells [7] , bone marrow [8] , and cord blood [9] . EPC have been shown to migrate from the bone marrow to the peripheral circulation, where they contribute to vascular repair [7] . When injected into animal models of ischemia, they are incorporated into sites of neovascularization [7, 10, 11] . Intracoronary EPC infusion has even improved outcomes in patients with acute myocardial infarction [12] and chronic postinfarction heart failure [13] . Although persistent evidence has shown that EPC from the bone marrow may contribute to endothelial repair, it is unclear if EPC are involved in vascular dysfunction inherent to sepsis or whether EPC can contribute to repair of damaged organs in patients with sepsis, and if this repair will result in improved clinical outcomes.
To date, little is known regarding the role of EPC in critical illnesses, specifically the relationship of EPC to organ dysfunction and survival in sepsis. Based upon previous data in acute lung injury (ALI) patients [14] , we hypothesize that EPC, measured by a colony-forming unit assay, will be differentially circulated in sepsis patients and will associate with survival. Although Rafat et al. [15] noted that septic patients had significantly higher number of circulating EPC than nonseptic ICU patients and healthy controls, the role of EPC in prevention of or recovery from organ dysfunction, a major determinant of mortality, was not evaluated and is still unknown. In addition, we propose a culture-based methodology for measuring EPC as opposed to the flow cytometry method used by Rafat and colleagues. Understanding the function of EPC in sepsis and sepsisrelated organ dysfunction may provide innovative diagnostic and therapeutic approaches in this devastating disease.
Materials and methods

Patient characteristics
Patients meeting the American College of Chest Physicians (ACCP)/Society of Critical Care Medicine (SCCM) consensus definition of sepsis, severe sepsis, or septic shock were enrolled from the adult intensive care units (ICU) at Grady Memorial Hospital, an affiliate of Emory University, from July 2007 through April 2009 [1] . ICU patients not meeting the diagnostic criteria for sepsis, severe sepsis, or septic shock were enrolled as control subjects (hereafter referred to as ''ICU control subjects''). Patients who were \18 years of age, pregnant, neutropenic (defined as absolute neutrophil count \1,000 cells/ mm 3 ), or with history of hematological malignancy or bone marrow transplantation, acute coronary syndrome or acute myocardial infarction within the past 2 months, previous surgical procedure requiring general anesthesia within the past 2 weeks, or currently hospitalized for traumatic injuries were excluded. In addition, healthy individuals were recruited from the general population (hereafter referred to as ''healthy control subjects''). These individuals had no significant past medical history and were on no medications. Informed consent was obtained from the subjects or from designated surrogates before enrollment into the study. The study was approved by the Institutional Review Board at Emory University and the research oversight committee of Grady Memorial Hospital.
At enrollment, all sepsis and ICU control subjects had demographic and physiologic information collected including Acute Physiology and Chronic Health Evaluation (APACHE) II and Sepsis-Related Organ Failure Assessment (SOFA) scores. Source of infection was determined and ALI was diagnosed when patients met the American-European Consensus Conference (AECC) definition [16] .
EPC colony isolation
Please see Supplementary Appendix for description of EPC colony isolation.
Analysis
Endothelial progenitor cell CFU counts were compared between the sepsis, ICU control, and healthy control subjects using the Kruskal-Wallis test, and the three pairwise comparisons were made using the Wilcoxon rank-sum test (Fig. 2) . Since the healthy control subjects were younger than the sepsis and ICU control subjects, log EPC CFU counts were regressed on age using linear regression, and pairwise comparisons between the three age-adjusted EPC CFU count means were made using t tests with Bonferroni correction. In Table 1 , two-sample Wilcoxon rank-sum tests were performed to compare continuous demographic characteristics between sepsis and ICU control subjects. Pearson v 2 tests were used to compare categorical characteristics. Logistic regression was performed to quantify the relationship between binary outcomes and EPC counts. SOFA scores for the survivors and nonsurvivors among sepsis patients were compared by regressing on EPC counts using analysis of covariance (ANCOVA) with a common linear slope. An adjusted mean was calculated for each subgroup. This regression model was refitted adjusting for age, gender, and presence or absence of shock. When multiple comparisons were made, Bonferroni corrections were performed to address multiple testing.
All statistical analyses were conducted using SAS 9.2 (SAS Inc.). All reported p values were two-sided, and p values of 0.05 or less or smaller than a threshold calculated with Bonferroni correction were considered statistically significant.
Results
Demographics of patients with sepsis and ICU control patients
Ninety-five patients with sepsis and 37 ICU control patients were enrolled (Table 1) , of whom 86 patients with sepsis and all ICU controls were used in the analysis because we were not able to obtain enough blood for EPC in 9 sepsis patients. ICU control subjects were hospitalized for a variety of disorders. Further detail on ICU control subjects is given in Supplementary Appendix. Sepsis patients and ICU controls were similar except sepsis patients had higher illness severity (APACHE II) and organ dysfunction (SOFA) scores, as well as higher mortality (26% versus 5%, p = 0.008). Sepsis patients also had longer ICU and hospital lengths of stay and higher white blood cell counts. Fifty-one healthy volunteers without any comorbidity were also enrolled with a median age of 30 years [interquartile range (IQR) 16-28 years] . A second EPC sampling was done on a subgroup of sepsis patients (see Supplementary Appendix).
Morphology of endothelial progenitor cell colonies
Morphologically, the EPC CFUs from the sepsis subjects were similar to those from previous investigators [14, 17] , as shown in the photomicrograph taken on day 7 of a CFU on a fibronectin-coated plate in Fig. 1a . We assessed the ability of the cells to incorporate acetylated lowdensity lipoprotein (LDL) and to bind to endothelial specific lectin [Ulex europaeus agglutinin I (UEA) fluorescein isothiocyanate (FITC)] via immunostaining. We showed that the cells stained for both of these markers, consistent with an endothelial lineage (Fig. 1b) [7, 17] .
EPC quantitation and relationship to organ dysfunction
The absolute numbers of CFUs (per well) present in the entire cohort of patients is shown in Fig. 2 . The patients with sepsis had significantly lower EPC CFU counts (median 10; 25-75th percentiles: 2-21) compared with ICU controls (median 21.5; 25-75th percentiles: 8.5-36.5; p = 0.035) and healthy controls (median 22; 25-75th percentiles: 16-28; p = 0.0005), and there was no difference in EPC CFU counts between ICU controls and healthy controls (p = 0.81, Bonferroni threshold 0.01). In the sepsis patients, EPC CFU numbers inversely associated with SOFA score, adjusting for mortality (r 2 = 0.05, p = 0.04, Fig. 3) . The relationship between the outcome total SOFA score and the predictor EPC CFU count is linear, and as the EPC CFU count decreased, there was a small increase in the total SOFA score. Specifically, for a 10-cell decline in EPC counts measured by CFU, total SOFA score increased by 0.5 points [95% confidence interval (CI) (0.03-0.93), p = 0.04]. The EPC-adjusted mean total SOFA score was 7.8 for survivors and 11.5 for nonsurvivors, and these estimates were similar when adjusting for age and gender. The relationship between EPC and SOFA was similar in presence or 
Discussion
The results from this study showed that EPC, as measured by a colony-forming assay, are significantly lower in Fig. 1 a Phase-contrast microscopy of endothelial progenitor cell (EPC) colonies on day 7 from a patient with sepsis. After the initial preplating step, nonadherent cells were collected from the supernatant of the culture and plated again on new fibronectin-coated wells (seen here). Colonies consist of a central cluster of rounded cells surrounded by thin, flat cells (910). b Endothelial progenitor cell (EPC) colony from patient with sepsis. Similar to Fig. 1 , nonadherent cells were collected from the supernatant of the culture after an initial plating step, and replated again on new fibronectincoated wells. This picture depicts an overlapping fluorescent microscopic image of dil-acetylated low-density lipoprotein (LDL) uptake in red, Ulex europaeus lectin binding in green, and 4 0 ,6-diamidino-2-phenylindole (DAPI), a blue nuclear stain (910) Fig. 2 Numbers of EPC colony-forming units (CFU) from patients with sepsis (n = 86), ICU control subjects (n = 37), and healthy control subjects (n = 49). As compared with ICU controls, EPC CFU counts were significantly lower in sepsis patients (p = 0.035). There was no significant difference in EPC CFU counts between ICU controls and healthy controls. Boxes represent the median, 25th and 75th percentiles. The whiskers are the 10th and 90th percentiles. Blue dots represent individual data values Fig. 3 In patients with sepsis (n = 86), EPC CFU numbers inversely associated with Sepsis-Related Organ Failure Assessment (SOFA) score, adjusting for mortality, assuming an equal slope. Specifically, for a 10-cell decline in EPC counts measured by CFU, total SOFA score increased by 0.5 points (p = 0.04). Black dots represent individual data values, and the line is the fitted regression line. Results were similar after adjustments for presence or absence of shock (p = 0.003). p-Value was calculated from analysis of covariance (ANCOVA) sepsis patients compared with ICU and healthy control subjects and that the number of circulating EPC is inversely associated with the severity of organ dysfunction in sepsis patients. Specifically, greater EPC CFU counts correlated with lower SOFA scores, irrespective of presence of shock or subsequent survival. In sepsis patients with prolonged ICU stay, the number of circulating EPC CFU count did not change at day 28. These data support the hypothesis that mobilization of EPC from the bone marrow abrogates organ dysfunction, potentially through interactions at the vascular endothelium; however, the association between EPC and SOFA score is very weak, and its exact clinical significance remains unclear at this time.
The last several years have seen an enormous increase in the amount of preclinical and clinical data regarding the prognostic and therapeutic benefits of stem cells in sepsis [14, 15, [18] [19] [20] [21] . The pathophysiologic changes associated with critical illness may lead to apoptosis and necrosis of endothelial cells (EC) from the vasculature and recruitment of EPC from the bone marrow. Rafat et al. [15] measured levels of circulating EPC in a cohort of 32 patients within 48 h after sepsis onset. Identifying EPC by fluorescence-activated cell sorting (FACS) using antibodies against CD34, CD133, and vascular endothelial growth factor receptor-2 (VEGFR-2), they observed that the number of circulating EPC was significantly higher in patients with sepsis versus nonseptic ICU patients and healthy controls [15] . They also noted that sepsis survivors had significantly greater number of EPC than nonsurvivors, suggesting not only that vascular damage induces release of EPC in circulation, but that circulating EPC may be protective and predict clinical outcome in critically ill patients [15] . Becchi et al. also demonstrated that CD34
? EPC in patients with sepsis had a fourfold increase compared with healthy controls (45 ± 4.5 versus 12 ± 3.6%, p \ 0.001). Most interestingly, this increase was already evident at 6 h from diagnosis [22] .
In contrast to Rafat, Becchi, and colleagues, the current study showed that EPC were significantly lower in sepsis patients compared with the control population. These results are likely explained by differences in the techniques used for EPC identification. The flow cytometry technique utilized by Rafat et al. contrasts to our cellculture technique, and these techniques may identify different progenitor cell types. Cell-culturing techniques may offer a measurement of EPC functionality that FACS analysis does not. With cell-culture methods, two distinct phenotypes of EPC have been described, namely early and late outgrowth EPC [23, 24] . The early outgrowth EPC are seeded onto fibronectin-coated plates in the presence of growth factors that promote EPC growth and colony formation (CFU) after 5-7 days, while late outgrowth EPC are plated onto collagen I-coated plates and give rise to colonies after 14-21 days. Early outgrowth EPC have low proliferative capacity, and although these cells may incorporate into the endothelial monolayer, they fail to form perfused vessels in vivo, whereas late outgrowth EPC have a high proliferative rate and can be maintained in culture extensively. Recent studies have further identified these cells as CD34
? CD45 -precursors [25] . Thus, while sepsis patients may have increased mobilization of EPC into the peripheral circulation secondary to vascular dysfunction as noted previously [15] , the early outgrowth EPC that were measured in this study may be poorly functioning and unable to form endothelial colonies, resulting in lower EPC CFU numbers in sepsis patients. In a large systematic comparison of EPC enumerated by both commonly used culture-based techniques and EPC surface markers measured by FACS [26] , the authors found that culture-based assays are less precise and display more daily variability than do assays based on cell surface markers. The authors also found that EPC defined by CD133
? and CD34 ? did not correlate with the culture-based assay [26] , again providing evidence for the lack of consistent results between this study and others that utilized cell surface markers [15] . These results indicate that a uniform definition of EPCs is required to clarify their origins.
The current study also demonstrated that increasing EPC CFU numbers were inversely associated with organ dysfunction. Others utilizing the same cell-culturing techniques have demonstrated that greater EPC CFU counts were associated with survival in patients with ALI, one of the most common organ dysfunctions in sepsis [14] , concluding that adequate mobilization of EPC from bone marrow in ALI could contribute to repair and recovery of damaged pulmonary endothelium [14] . The same authors also looked at CFU in a sepsis population, and analysis revealed that, in contrast to this study, septic patients had greater CFU counts compared with healthy controls. However, there were only 17 patients with severe sepsis enrolled (in contrast to the 86 septic patients enrolled in this study), which may account for the differences seen. However, those with CFU count C48 per volume had overall better survival compared with those with CFU count \48 [27] , and similarly, we have shown that higher EPC CFU numbers are associated with improved organ function.
This study has important limiting factors. First, EPC have been analyzed and studied in a variety of ways [7, [28] [29] [30] , and considerable debate exists about which method correctly identifies an EPC. The limited knowledge of unique stains and markers specific for EPC makes contamination with non-EPC possible in both cell-culture and flow cytometry techniques. In addition, cell-culture techniques depend on the formation of EPC colonies, which may not occur in particular disease states. It is likely that methodological differences in EPC phenotyping contributed to the varied results seen in previous sepsis studies [15] . However, the method used in this study has been previously used and validated by others [14, 17] , and EPC CFU numbers in healthy controls were similar to those reported previously [14] , suggesting compatible techniques. Second, although data collection was completed using the same method in all patients and blood was drawn within 72 h of meeting criteria for sepsis, it is possible that circulating EPC numbers changed within the 72-h timeframe; however, culturing of EPC requires at least 4-7 days, so it is less likely when measuring EPC through culture techniques that there is significant variability within 72 h. In addition, others have reported that EPC have not changed even within 7 days [14] , and we were able to demonstrate in this study that CFU numbers remained stable over 28 days. Third, sepsis patients are a heterogeneous population with varied etiologies of disease, organ dysfunction, and illness severity. These distinctions may have limited the prognostic potential of these cells. However, despite these disparities, a significant association was seen between organ dysfunction and EPC CFU numbers in patients with sepsis. In addition, the trend towards significance in ICU controls suggests that EPC biological relevance may not be specific to sepsis but rather reflect organ dysfunction in all critically ill patients. Fourth, there was a significant age discrepancy between the healthy controls and the two patient groups. Given that EPC are well documented to change with age [31] , this may have influenced the results. However, significant changes were observed between the sepsis patients and the ICU control subjects, and there were no age discrepancies between these two groups. Fifth, although certain medications known to influence EPC numbers were excluded in the study, it is difficult to know exactly what other medications (i.e., corticosteroids) influenced EPC CFU counts until further studies are done to examine these medications and their particular influence on EPC [32, 33] . There is similar controversy with regard to blood transfusions, and a recent study found that there was no significant difference in peripheral EPC numbers in trauma patients who received less than 1,800 mL blood (approximately 6-7 units) compared with controls [34] . It is less likely that the sepsis patients in our study received more than 1,800 mL blood prior to EPC measurement. Sixth, ICU control subjects in this study had a range of neurological disorders along with other respiratory disorders including asthma and chronic obstructive pulmonary disease (COPD). Because of the variation in techniques described above and the undeveloped nature of this field, it is difficult to determine exactly what an appropriate ICU control group is in this emerging field. Studies have shown conflicting results with regard to neurologic disorders [35, 36] and asthma/COPD [36, 37] . Some have found that EPC are not decreased in COPD [38] , while other investigators have shown that EPC are even influenced by whether patients are currently in a COPD exacerbation versus stable disease [39] . Thus, it is unclear at this time how these various diseases affected circulating EPC numbers in these patients. As the field of EPC matures and further large studies of these cells are completed (utilizing both flow cytometry and culture techniques), then it may be possible to know the optimal control group for studies of sepsis or other critically ill patients. Finally, although further functional assays were not performed in this study, we believe, along with others [14] , that the cell-culturing technique utilized in this study demonstrates the ability of these cells to form vascular colonies through the migration and proliferation of these immature cells.
